INTRODUCTION


The 131 I radionuclide is the one of the most common radionuclides released from a nuclear accident [1] [2] [3] . 137 Cs is the second most released radionuclide, under 131 I. Therefore, a
131
I release is to be anticipated in the event of a nuclear emergency. From the experiences from other countries, for example, it was found that the activity of the USA) from 1944 to 1972 it was 27.83 PBq, and in Nevada, USA, from 1952 to 1970 was as much as 5,550 PBq. Furthermore, the Three Mile Island accident in 1979 released as much as 555-777 GBq, the Chernobyl (Ukraine) accident in 1986 released 1,850 PBq, the Savannah River (South Carolina, USA) operation in 1955-1990 released as much as 2.22 PBq, and the Fukushima (Japan) accident in March 2011 released as much as 400 PBq [1] [2] [3] [4] [5] [6] .
Radioiodine ( 131 I) is one of the radioactive substances sufficiently significant to get attention, because it is volatile with a probability of 81.21 % of its formation greater than the other radioiodine isotopes [1] . Based on EPA RadNet measurement, 81 % of ambient 131 I was detected in the gas phase and 19 % was detected in the particle phase [3] .
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The thyroid gland is the most critical human organs affected by 131 I [7] . If the 131 I is located in the human body, then the 131 I will enter the thyroid through the metabolism of the body carried by the blood [8] . The chemical properties of 131 I are similar with those of stable iodine, so 131 I can damage the thyroid gland and damage the health [9, 10] . 131 I that is dispersed from the stack to the environment can also impact the economy of the society [11] .
A radioisotope production facility is located in the Research Center for Science and Technology (PUSPIPTEK -Pusat Penelitian Ilmu Pengetahuan dan Teknologi in Indonesian) in Serpong, Indonesia. This facility produces several radioisotopes for both domestic and export purposes; one of those radioisotopes is 131 I that was routinely produced for medical purposes in hospitals and pharmacies. The experiment presented here ran from December 2013 to March 2014. This facility is located in the Serpong Nuclear Area (SNA) that is surrounded by dense residential population. Residents in the area of 5 km radius from PUSPIPTEK in 2012 are around 213,837 people [12, 13] . This is a cause for concern for BATAN (National Nuclear Energy Agency) and BAPETEN (Nuclear Energy Regulatory Agency), as it necessitates research on the radionuclide releases in general, especially the release of Iodine-131 ( 131 I) from the stack in the radiation facilities into the environment. Therefore, it is necessary to research and study the concentration of 131 I released from the stack to the settlements around the SNA based on the variation of the distance and direction of wind by using direct and indirect methods simultaneously.
Direct measurements were performed outdoors and in the stack. Outdoors, the measurements used a portable NaI(Tl) detector in situ, while in the stack, LaBr 3 detectors were used. Indirect measurements by using a charcoal filter and vacuum pump were also performed both in the stack and outdoor. The maximum acceptable activity concentration of 131 I in the air, also known as the quality standard value, is 530 Bq/m 3 , as stipulated by the Regulation of the Chairman of BAPETEN (Perka BAPETEN in Indonesian) No. 7/2013 [14] .
EXPERIMENTAL METHODS
Description of study area
The study was conducted in courtyards of seven houses (outdoor), Serpong Nuclear Area, and in the stack of the 131 I radioisotope production installation, BATAN, Serpong. The study was conducted in as many as seven houses with five wind directions for approximately 15 to 22 hours at the same time as the production and release of 131 I from the stack (Fig. 1) 
Monitor calibration of
131
I radioactive gas
The measurement of 131 I radioactive gas was conducted by using direct and indirect methods. The direct method was conducted by direct measurement of the 131 I air concentration from the stack with an LaBr 3 (lanthanum(III) bromide) scintillation detector. The indirect method was performed by using activated charcoal filter (charcoal) [15, 16] The calibration of LaBr 3 and NaI(Tl) detectors included efficiency calibration and energy calibration by using a source of radiation at a close distance to the detectors, but the radiation standard source was not attached to the detectors. Energy calibration was carried out by equating the display of the energy in the X axis of the measurement results on the radiation standard source to detector software with the actual energy of radiation standard sources. Efficiency calibration was conducted by converting the measurement results of the count rate of radiation standard sources in counts per second (cps) to the activity in becquerels (Bq). The counting efficiency of the LaBr 3 detector was calculated using equation (1) The unit of efficiency () in equation (2) is cps/Bq. The flow rate does not appear in equation (2), because the flow rates that were used in the studies were different. For the direct method with LaBr 3 detector in the stack, the flow rate of the vacuum pump was 20.65 lpm (3.44×10 -4 m 3 /s), whereas for in-situ measurements using NaI(Tl) detector in a survey car, it was 25 lpm 
Measurement method of
131
I concentration in the stack
As a method of radioactivity measurement in the stack of the radioisotope production facility, in this study, a portable air monitoring system that can be monitored directly and continuously was developed. The air monitoring system used a portable LaBr 3 (lanthanum(III) bromide) scintillation detector; it did not need nitrogen gas and was connected to a laptop computer directly, so the count rate of the radioactive air that was released into the environment could be periodically monitored. The measurement of flow rate used a digital flow rate meter, so that the flow rate of the air being sampled can be continuously monitored on a laptop. The in-situ LaBr 3 scintillation detector has a better resolution than the NaI(Tl) scintillation detector; therefore, radionuclide detection by using the LaBr 3 detector was more accurate.
The air monitoring system in the stack is shown in Fig. 2 . The 131 I-containing air coming from the stack was drawn by the vacuum pump and was then conveyed to the Marinelli and was further conveyed to charcoal and to flowmeter. The 131 I contained in the air that was entering the Marinelli was detected the by using an LaBr 3 detector. The activity of 131 I was measured once every ten minutes directly in the form of the count rate in the part of energy spectrum at around 364 keV.
The sampling and measurement of radioactive 131 I gas in the stack was conducted by two methods, i.e., direct and indirect methods. The direct method was conducted through direct sampling and measurement of the air concentration of 131 I from the stack by using an LaBr 3 scintillation detector every ten minutes continuously. The indirect method was conducted through 131 I sampling by using activated charcoal filter every hour for 12 times. The measurement of the 131 I radionuclide in charcoal samples was conducted by using a gamma spectrometer system and an NaI(Tl) detector in situ for an hour. The 131 I count rates obtained from both direct and indirect methods were converted into 131 I concentration (Bq/m 3 ). The concentration of 131 I in charcoal (indirect method) was calculated by using equation (3) [15]:
. . . . The differences between equation (3) and equation (4) are that in equation (4) the unit of efficiency  in equation (4) is cps/(Bq/m 3 ), whereas N t is obtained from the 131 I counts of the LaBr 3 detector. The activity rate of the removable air containing 131 I from the stack for 1 year (C t ) is calculated with using the equation [17] :
V is the average flow rate of airborne in the stack (1.699×10 5 m 3 /h), while T is the maximum duration of operation time per year (h/year). If the activity rate is calculated in the unit of Bq/h from the equation (5), that activity rate is calculated without the variable of T (h/year). Daily, the operating duration of 131 I radioisotope production was from 8 to 12 hours. The production of I concentration in the air was used by BATAN periodically, once every three months. Filter paper and charcoal were used as a means of 131 I gas sampling in the indirect method. The sampling tool was placed ± 2.5 m above the ground by using isokinetic probe on the environment survey car overlooking to the stack as a source of air release (Fig. 3) . The sampling tool of 131 I was regulated by a vacuum pump at a flow rate of 25 lpm and turned on for one hour. The filter that had been used for sampling for an hour was replaced by another charcoal filter. This operation continued until the production of 131 I in the stack finished. The filter papers and charcoal were then counted by using detector of NaI(Tl) in situ.
The direct measurement method of the 131 I concentration in the air is shown in Fig. 4 . The direct measurement method of the 131 I content of outdoor was conducted above the environment survey car. The measurement was conducted directly by using in-situ portable NaI(Tl) detector attached to the top of the car. In the measurement of 131 I in the outdoor air, the detector was positioned to face upward. Protective Pb was installed in the vicinity of the detector, so that only 131 I radiation coming from above or from below would be detectable. This detector was connected to the laptop directly, so that the spectrum of 131 I could be immediately detected on the 364 keV energy. The concentration of 131 I in the air that was measured by the indirect method was calculated based on equation (3) . If it was measured by the direct method, it would be calculated by equation (4) . 
RESULTS AND DISCUSSION
Calibration of LaBr 3 detector
The LaBr 3 scintillation detector was calibrated by counting three standard radiation sources, i.e., 133 Ba, 137 Cs, and 60 Co. The calibration results are shown in Table 1 
I in charcoal
The in-situ NaI(Tl) detector was calibrated by using 226 Ra standard source in charcoal. The results of the calibration of in-situ NaI(Tl) detector with 131 I samples in the charcoal are displayed on Table 2 and Fig. 6 . The calculation of the detector efficiency of NaI (Tl) in-situ used equation (2) 
Measurement of concentration of
131
I activity in the stack
Measurements of the 131 I activity concentration were carried out in the stack and outdoors near the Muncul junction together on December 27 and 28, 2013. The production process of 131 I on those dates took place fom 13:30 to 05:00. Around 16:00 to 18:00 and 21:00 to 23:00 the process of the production of radioisotopes stopped because of broken instruments.
As an example, the measurements results of 131 I activity concentration were the highest of indirect measurement systems on December 11 and 12, 2013, i.e., 470.35 Bq/m 3 between 19:00 and 20:00 (Fig. 7) . The 131 I activity concentration was high between 19:00 and 20:00, since at that time occurred a phase change from solution to gas, namely the separation between the 99 Mo solution and the 131 I gas. There was 131 I gas released through the sidelines of the rubber connector into the stack during the gas phase, so the 131 I activity concentration rose for some time between 19:00 and 20:00. This case was in contrast with the results of direct measurements by using the LaBr 3 detectors (Fig. 8) [14] . The outdoor concentrations of 131 I measured at the seven housing locations were found not to give a significant risk to public health.
The comparison of direct (digital) and indirect (charcoal) measurement results are shown on Table 5 . The comparison proves that the direct measurement method to be better than the indirect measurement method. The measurement system of radioactive releases in the stack of nuclear facilities by using direct methods can be used to replace the old indirect system of radioactive measurement (charcoal), because the direct system of measurement is more accurate, cheaper economically, easier to operate, requiring just one operator in its implementation, portable, and can be operated continuously for long periods of time. Radionuclide detection cannot be adjusted periodically and not automatically.
Accuracy
The measurement results are more accurate, independent on the pump flow rate of air, air humidity, and air temperature; the energy spectrum is viewable.
The measurement results are less accurate, dependent on the flow rate of air pumps, air humidity, and air temperature [19].
Ease of operation
Easier to operate and needing only one operator.
More hassle to operate and needing more than one operator.
Tool portability
Portable Not portable.
